We observe the magnetic proximity effect (MPE) in Pt/CoFe 2 O 4 bilayers grown by molecular beam epitaxy (MBE). This is revealed through angle-dependent magnetoresistance measurements at 5 K, which isolate the contributions of induced ferromagnetism (i.e. anisotropic magnetoresistance) and spin Hall effect (i.e. spin Hall magnetoresistance) in the Pt layer. The observation of induced ferromagnetism in Pt via AMR is further supported by density functional theory calculations and various control measurements including insertion of a Cu spacer layer to suppress the induced ferromagnetism. In addition, anomalous
Spin manipulation inside a nonmagnetic (NM) material using internal effective fields (spin orbit or exchange) is a very promising avenue toward the realization of next generation spintronic devices (spin transistors, magnetic gates, etc.) [1, 2] . In particular, magnetic proximity effect (MPE) at the interface of a NM spin channel and a ferromagnetic insulator (FMI) is of great importance for generating exchange fields and induced ferromagnetism in the NM layer. Recently, spin manipulation by MPE has been realized in experiments that modulate spin currents in graphene on YIG (yttrium iron garnet) [3, 4] . In addition, proximity exchange fields induced by FMI have been observed for graphene and monolayer transition transition metal dichalcogenides [5, 6] .
Among FMIs, members of the spinel ferrite family (MFe 2 O 4 , with M=Co, Ni, etc.) are attractive because their magnetic properties can be tuned by alloy composition [7, 8] as well as epitaxial strain [9] [10] [11] . In particular, CoFe 2 O 4 (CFO) is a hard ferrimagnetic insulator which exhibits high Curie temperature (728 K), spin-filtering properties [12] [13] [14] , magneto-electric switching [15] , and is readily integrated with practical spintronic materials (MgO, Fe, Cr). Unfortunately, all previous experiments have failed to observe MPE using CFO. To test for MPE in NM/FMI systems, Pt is widely used as the NM material due its closeness to fulfilling the Stoner criteria and thus allowing it to become ferromagnetically ordered at the interface with the FMI. Initial studies of Pt/CFO grown by pulsed laser deposition (PLD) utilized magnetotransport measurements and observed no MPE in the Pt layer [16] . Subsequent transport and element-specific magnetization measurements by x-ray magnetic circular dichroism (XMCD) also found no evidence for induced ferromagnetism in the Pt layer [17] [18] [19] [20] contributing to a growing consensus that CFO cannot be used to obtain MPE. However, because the length scale of exchange interactions is on the order of angstroms, it should depend on the atomic structure and alternative growth methods may be needed for its realization.
In this Letter, we utilize molecular beam epitaxy (MBE) to synthesize Pt/CFO bilayers and observe induced ferromagnetism (i.e. MPE) in the Pt layer at 5 K. This is revealed through angle-dependent magnetoresistance measurements, which isolate the contributions of induced ferromagnetism (i.e. anisotropic magnetoresistance, AMR) and spin Hall effect (i.e. spin Hall magnetoresistance, SMR) in the Pt layer. The observation of induced ferromagnetism in Pt via AMR is further supported by density functional theory (DFT) calculations and various control measurements including insertion of a Cu spacer layer to suppress the induced ferromagnetism. In addition, anomalous Hall effect (AHE) measurements
show an out-of-plane magnetic hysteresis loop of the induced ferromagnetic phase with larger coercivity and larger remanence than the bulk CFO. By demonstrating MPE in Pt/CFO, these results establish the spinel ferrite family as a promising material for MPE and spin manipulation via proximity exchange fields.
The CFO thin films are grown on MgO(001) substrates by reactive MBE (details in Supplementary Materials) and are characterized by reflection high-energy electron diffraction (RHEED), atomic force microscopy (AFM), x-ray diffraction (XRD), and high angle annular dark field scanning transmission electron microscopy (HAADF STEM). Figure 1a shows a RHEED pattern of CFO(40 nm)/MgO(001) taken along the [110] in-plane direction. The image displays streaky and sharp diffraction maxima, indicating a flat and single crystal surface. This is confirmed by AFM, which exhibits very smooth morphology over large areas (Figure 1b) with an rms roughness of 0.06 nm over a 10 µm x 10 µm area of a 40 nm CFO film. The crystallinity is confirmed by θ-2θ XRD scans on Pt(1.7 nm)/CFO(40 nm)/MgO(001), which exhibit clear MgO(002) and CFO(004) peaks and no other phases within the scan range ( Figure 1c) . A clearly separable CFO (004) (inset, Figure 1c) Figure 1d . The appearance of the lattice varies across the CFO thin film, switching between a cubic appearance and that which resembles a spinel structure. We believe this contrast variation is due to changes in the degree of inversion, ƛ. In To detect MPE in Pt/CFO, we perform magnetotransport measurements that are sensitive to the presence of magnetization within the Pt layer. In ferromagnets, two well-known phenomena are the anomalous Hall effect (AHE) which is sensitive to the out-of-plane magnetization, and the anisotropic magnetoresistance (AMR) which is sensitive to the orientation of magnetization relative to the current direction. With induced magnetization in the Pt layer along unit vector m Pt , these appear in the longitudinal and transverse resistivities as:
where m Pt, n , m Pt,jt m Pt, t are the out-of-plane (n), in-plane along current (j), and in-plane transverse to current (t) components of the Pt magnetization unit vector (see Figure 3 (a)), ρ 0 is the background resistivity of Pt, and ∆ρ AMR and ρ AHE are the MPE-induced AMR and AHE, respectively. In addition to AHE and AMR, a recently discovered pure spin current effect based on the spin Hall effect in Pt and interfacial spin scattering at the FMI interface generates additional contributions to ρ xx and ρ xy given by:
where m CFO,j , m CFO,t, m CFO,n are components of the magnetization unit vector in the FMI, Δρ 1 is known as the spin Hall magnetoresistance (SMR), and Δρ 2 is the spin Hall anomalous Hall-like signal (SH-AHE).
The SMR stems from the reflection of spin current (generated by spin Hall effect) from the FMI interface which is subsequently converted to a charge current through the inverse spin Hall effect (ISHE) [21] . The planes. For ADAMR, the relevant angular scan is in the n-j plane, where γ is defined as the angle measured from the normal axis (n) (see Figure 2a ) while ADSMR does not depend on γ. For ADSMR, the relevant angular scan is in the n-t plane, where β is defined as the angle measured from the normal axis (n) (see Figure 2b ) while ADAMR does not depend on β. Finally, the contribution from OMR has the same functional form as AMR (i.e. depends on γ), but the OMR can be determined independently. OMR in most materials has a larger resistance when the magnetic field is perpendicular to the current (γ = 0°) as compared to parallel to the current (γ = 90°), and we have verified this for our Pt films on MgO (001) substrates as well (inset Figure 2c) . To determine if the Pt/CFO system exhibits MPE, we therefore perform a γ-scan to look for the presence of AMR. Figure 2c shows clearly the presence of angledependent MR with lower resistivity for γ = 0° and higher resistivity for γ = 90°. Because this cannot be explained by OMR (opposite polarity) and the γ-scan is insensitive to SMR, it is clear evidence for AMR and induced ferromagnetism in the Pt layer. By comparison, Figure 2c inset shows γ scans of Pt/MgO and Cu/CFO with both displaying OMR oscillations. This is the strongest evidence for MPE in Pt/CFO in our study. Such an AMR signature has never been observed in previous studies of Pt/CFO, but it has been previously reported for other Pt/FMI systems and is accepted as the most reliable test among transport measurements for MPE [22] [23] [24] . We also perform the β-scan and observe SMR with similar magnitude as reported in previous studies [16] [17] [18] 20] The Hall resistivity ρ xy in Figure 3a can come from two sources as shown in Equations (1) and (2):
MPE-AHE and SH-AHE. To further distinguish between these mechanisms, we insert a 2 nm Cu spacer between Pt and CFO layers. We utilize Cu because it has (1) filled d-shells which prevents induced ferromagnetism, and (2) a long spin diffusion length (hundreds of nm), which makes it transparent to spin currents. Therefore, a Cu spacer should suppress induced magnetism in Pt while leaving SH-AHE and SMR unaffected (except for shunting effects). The Hall measurement of the Pt/Cu/CFO sample ( Figure   4a , blue curve) indeed shows a reduction in magnitude compared to Pt/CFO, which can come from a loss of induced ferromagnetism and/or a reduction of the overall signal by shunting.
Further insight is gained through ADMR measurements comparing Pt/Cu/CFO and Pt/CFO. Figure   3b shows a plot of the resistivity ratio Δρ 1 /ρ 0 as a function of angle for Pt/CFO and Pt/Cu/CFO at 5 K.
Notably, the ADSMR signal yields nearly the same modulation as the direct contact, with the Δρ 1 /ρ 0 magnitude practically unchanged. This suggests that the shunting through the 2 nm Cu layer is minimal.
Furthermore, Figure 3c compares the ADAMR signal in the Pt/Cu/CFO bilayer (blue curve) and the Pt/CFO bilayer (red curve). Indeed, the Pt/Cu/CFO sample does not show any modulation arising from the AMR. Although this does not prove an absence of AMR (because it might be getting cancelled by OMR), it nevertheless shows a significant reduction compared to the Pt/CFO sample. This reduction in AMR provides additional evidence for induced ferromagnetism in Pt/CFO and suggests that the reduction in AHE in Pt/Cu/CFO is primarily due to the reduction of induced ferromagnetism.
Finally, we investigate the MPE in Pt/CFO using density functional theory calculations. Using the Vienna Ab-initio Simulation Package (VASP), we relax cubic CFO cells consisting of 5 F.U. with the Co atoms placed only on the tetrahedral sites, ordered octahedral sites, random octahedral sites, and a combination of random tetrahedral and octahedral sites [25] . These calculations indicate CFO favors Co occupancy of the octahedral sites to minimize structural energy with random distribution and no preference for ordering. Using the lowest energy CFO structure, we construct calculation cells consisting 
Methods
Samples are grown in a molecular beam epitaxy (MBE) chamber with base pressure of ~1x10 -10 torr.
MgO (001) 
Room temperature measurements
In order to test for the presence of MPE at room temperature, we repeat the Hall measurement and angle-dependent magnetoresistance measurements at 300 K with the results shown in Figures S1 . In Figure   S1a , we show the Hall resistivity after subtraction of the OHE linear background. Interestingly, the Hall signal still shows a nonlinear, hysteretic signal with a smaller coercivity and remanence than observed at 5
K. Figure S1b shows the angle-dependent b-scan of longitudinal resistance, which is sensitive to SMR. The SMR ratio Dr xx /r 0 has nearly the same magnitude at 300 K as at 5 K (Fig. 3b of the main text), demonstrating negligible temperature dependence similar to previous reports in Pt/CFO bilayers [1] . Figure   S1c shows the angle-dependent g-scan of the longitudinal resistance, which is sensitive to AMR and OMR.
The most notable feature is the opposite polarity of the angle-dependence in the γ-scan at 300 K compared to 5 K ( 
